Introduction
The field of single-chain technology has evolved rapidly and attracted significant interest over the past few years due to possible applications in nano-medicine, chemical sensing, and catalysis. [1] [2] [3] [4] The research area can be divided into two fundamentally different synthetic strategies. 5 On the one hand, the 'selective point folding' approach uses mutually orthogonal recognition units at distinct positions along the backbone to fold single polymer chains into defined three-dimensional structures. [6] [7] [8] [9] Placing these recognition units along the polymer chain is synthetically extremely demanding, but provides a better definition of the folding process. On the other hand, the 'repeating unit approach' is less synthetically demanding, since the functional groups can either be directly introduced onto the backbone via the copolymerization of a functional monomer or they can easily be grafted onto the polymer in a postpolymerization modification. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] However, the 'repeating unit approach' is associated with the drawback that the intramolecular crosslinking process as well as the placement of the functional groups is statistical, leading to random threedimensional objects, the so-called single-chain nanoparticles (SCNPs).
Both synthetic strategies derive their inspiration from nature. In each case, polymer chemists seek to mimic the structure and/or function of proteins at a very basic level. Recent all atom simulations by our group for a 'selective point folding' system have demonstrated that polymers below a definitive chain length fold into a near-unique closed conformation with a precision which is normally only reached for well-structured proteins. 20 Sophisticated examples of 'selective point folding' are the hydrogen bond driven dual selffolding of a diblock copolymer and the reversible host-guest complexation driven folding of a water soluble polymer. 5, 21 Trigger responsive SCNPs were prepared using the 'repeating unit approach' via intramolecular crosslinking of dynamic covalent enamine bonds or hydrazone bonds. [22] [23] [24] The incorporation of metal ions into the SCNP structure -similar to metallo-proteins -has been exploited only to a lesser extent. For example, Pomposo et al. fabricated Cu(II) containing SCNPs with highly selective catalytic activity for the oxidative coupling of terminal alkynes. 25 Water-soluble SCNPs with ruthenium catalysts located in a hydrophobic cavity allow the transfer hydrogenation of ketones as demonstrated by Meijer et al. 26 The group around Lemcoff synthesized rhodium(I) containing SCNPs from ROMP-derived polycyclooctadiene (polyCOD) with potential application in catalysis. 27 The same group expanded the use of their COD-polymer by incorporating iridium(I) and nickel(II) ions. 28 In the same study the authors successfully tested their organometallic nanoparticles in several catalytic applications.
In an earlier publication, we studied the 'selective point folding' of polystyrenes bearing a triarylphospine ligand at each chain end. 9 In the current study, we wish to transfer the established concept to the preparation of palladium(II) containing single-chain nanoparticles (see Scheme 1) . In a facile, three step synthesis, the functional linear precursor polymers are initially generated in a random copolymerization of styrene and 4-chloromethylstyrene by nitroxide mediated polymerization (NMP), and subsequently post-modified with Scheme 1. Illustration of the Pd-SCNP formation via the intramolecular crosslinking of functional, linear precursor copolymers by metal-ligand complexation in diluted solution (schematic view, in which we suggest trans-configuration of the Pd-atoms, see text).
4-(diphenylphosphino)benzoic acid. Next, the ligand bearing copolymer is cross-linked in a highly diluted solution to produce the palladium(II) cross-linked SCNPs. The above described procedure to synthesize SCNPs entails the advantage that the crosslinking process directly incorporates the catalytically active sites (Pd(PPh2Ar)2Cl2) within the SCNP structure. The Pd-SCNPs and the linear precursor polymer are characterized in-depth using 1 H and 31 P{ 1 H} NMR spectroscopy, dynamic light scattering (DLS), size exclusion chromatography (SEC), 1 H spin-spin relaxation time analysis, X-ray photoelectron spectroscopy (XPS), and log-normal distribution (LND) simulations.
Finally, it is shown that the Pd-SCNPs can be utilized as a catalyst in the Sonogashira coupling of 2-bromopyridine and phenylacetylene. (99 %, Merck), Na2SO4 (99 %, Carl Roth), phenylacetylene (98 %, pure, Acros), tetrahydrofuran-d8 (THF-d8, 99.5 %, EURISO-TOP) were used as received. Styrene (Sigma-Aldrich) was passed over a column of basic alumina (Acros) and 4-chloromethyl styrene (Acros) was distilled prior to usage and both substances were stored at -19 °C. N,N-Dimethylformamide (DMF), tetrahydrofuran (THF), dichloromethane (DCM), diethylether (Et2O), ethyl acetate and methanol were purchased as analytical grade solvents (Sigma-Aldrich) and used as received.
Experimental section

Synthetic procedures
The NMP-initiator 2,2,6,6-tetramethyl-1-(1-phenylethoxy)-piperidine (1, Scheme 2) was synthesized according to a literature procedure.
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Synthesis of Poly(styrene-co-chloromethylstyrene) (P1). Styrene (9 mL, 78.5 mmol, 180 equiv.), 4-(chloromethyl)styrene (1.244 mL, 8.82 mmol, 20 equiv.) and initiator 1 (114 mg, 0.438 mmol, 1 equiv.) were placed into a flame-dried Schlenk flask and deoxygenated by four consecutive freeze-pump-thaw cycles. Subsequently, the reaction mixture was placed into an oil bath tempered at 125 °C. After 5 h the polymerization was stopped by cooling the flask with liquid nitrogen and opening it to the atmosphere. The crude product was diluted with THF (20 mL) and precipitated twice into cold methanol (200 mL). The polymer P1 was afforded as a white powder by filtration and dried under high vacuum (2.6 g, 0.25 mmol). 
Post Modification of Poly(styrene-co-chloromethylstyrene) with 4-(diphenylphosphino)benzoic acid.
Poly(styrene-cochloromethylstyrene) (1.0 g, 1 mmol CMS, number of CMS repeating units = 1 equiv.), 4-(diphenylphosphino) benzoic acid (459 mg, 1.5 mmol, 1.5 equiv.) and K2CO3 (415 mg, 3 mmol, 3 equiv.) were dissolved in dry DMF (10 mL) and stirred at 50 °C for 16 h under inert atmosphere. The reaction mixture was diluted with ethyl acetate (300 mL) and washed with brine (3 × 150 mL). The organic phase was separated and dried over Na2SO4. Subsequently, the solvent was removed under reduced pressure. The crude product was diluted with THF (20 mL) and precipitated into cold methanol (200 mL). The functionalized linear precursor polymer P2 was afforded as a white solid by filtration and dried under high vacuum. (0.9 g, 0.07 mmol). 1 
Single-Chain Nanoparticle Formation by Intramolecular Crosslinking with Pd(II)-Ions.
A solution of the functionalized linear precursor copolymer P2 (50 mg, 0.04 mmol ligand moieties, 1 equiv.) in DCM (dry) (cprecursor = 2.5 mg mL -1 ) was added dropwise to a stirred solution of Pd(COD)Cl2 (6 mg, 0.02 mmol, 0.5 equiv.) in 20 mL DCM (dry) by syringe pump (1 mL/min) at ambient temperature in a flame dried Schlenk flask. After the addition the solution was stirred for an additional hour, then it was concentrated in vacuo and the SCNPs were precipitated in cold methanol. Filtration and drying under high vacuum afforded the product as a yellow solid (35 mg 
Sonogashira Coupling Utilizing Pd-SCNP as Catalyst.
According to a modified literature procedure, 30 2-bromopyridine (476 µL, 5 mmol, 1 equiv.), phenylacetylene (549 µL, 5 mmol, 1 equiv.) and the catalyst Pd-SCNP (see Table 2 for the employed amounts) were dissolved in diethylamine (2 mL) in a flame-dried Schlenk tube. The mixture was degassed by purging the solution with argon for 5 min. Next, CuI (4.8 mg, 0.02 mmol, 0.05 equiv.) was added and the reaction was conducted for 24 h at ambient temperature. Subsequently, the tube was opened to the atmosphere and the mixture was diluted with Et2O (10 mL). The organic layer was filtered and washed with distilled H2O (2 × 20 mL). The organic layer was dried over Na2SO4 and evaporated under reduced pressure to afford the crude product. After 24 h under high vacuum the product was obtained as a brown liquid.
Results and discussion
Synthesis of the linear precursor polymer
The linear precursor polymer was synthesized by a combination of nitroxide mediated polymerization and a postpolymerization modification (see Scheme 2) . The random copolymerization of styrene and 4-chloromethyl styrene was conducted using a feed ratio of 9:1. The resultant styrene-co-chloromethylstyrene polymer P1 exhibits a narrow molecular weight distribution with a dispersity index of Đ = 1.17 and a number weighted molar mass of Mn = 10,200 g mol -1 according to SEC (THF, RI). The 1 H NMR spectrum shows the aromatic as well as the aliphatic signals for the polystyrene backbone. In addition, a broad resonance between 4.39 and 4.65 ppm can be assigned to the methylene bridge of the CMS units (see Fig. S1 ). The integration ratios of the resonances belonging to the aromatic protons and the methylene unit were utilized to estimate the copolymer composition. A value of 12 % CMS units was calculated, which closely resembles the copolymerization feed ratio. In order to attach the ligand moieties onto the linear precursor polymer, P1 was treated with a slight excess of 4-(diphenylphosphino) benzoic acid per CMS unit in the presence of the base K2CO3. In a simple substitution reaction, the triarylphosphine ligands were grafted onto the polymer backbone via an ester bond. The shift of the methylene bridge resonance from 4.54 ppm to 5.25 ppm in the 1 H NMR spectrum of P2 evidences full conversion of the CMS to ligand units (see Fig. S1 ). New resonances found in the range of 7.19 and 7.99 ppm can be assigned to the aromatic protons of the triarylphosphine moiety. The 31 P{ 1 H} NMR spectrum of P2 shows a single resonance at -5.06 ppm representing trivalent uncoordinated triarylphosphine. An additional indication for the successful transformation is the increase in molar mass of P2 to Mn = 12,300 g mol -1 according to SEC (see Fig. S2 ). The above described design strategy represents a universal approach for the facile introduction of functional groups into the precursor structure.
Preparation of the palladium(II) crosslinked SCNPs
The palladium(II) cross-linked single-chain nanoparticles (Pd-SCNPs) were prepared by intramolecularly crosslinking the linear precursor polymer P2 in diluted solution with a suitable palladium(II) source (see Scheme 2). Dichloro(1,5-cyclooctadiene)palladium(II) ([Pd(COD)Cl2]) has proven to be an ideal candidate, since the COD ligand is an outstanding leaving group in the ligand exchange reaction with the triarylphosphine moieties along the polymer. Intermolecular reactions always pose a problem during the preparation of SCNPs, since they lead to multi-chain aggregates. To circumvent such by-products, highly diluted conditions need to be applied. Feeding the polymer precursor into the Pd solution overcomes the need for dilute conditions as long as the feeding rate is rate determining. A solution of the precursor polymer P2 (cP2 = 0.2 mmol mL -1 ) was added dropwise (1 mL min -1 ) to a solution of [Pd(COD)Cl2] via a syringe pump. The ratio of Pd(II) cross-linker to ligand moieties along the polymer chain was chosen to be 1:2 to achieve the highest amount of crosslinking.
During the intermolecular crosslinking of single polymer chains, the hydrodynamic volume decreases due to the transition from a random coil to a more compact structure. The change in hydrodynamic volume can readily be observed and quantified via size exclusion chromatography. The decreased hydrodynamic volume leads to a shift of the SEC trace to longer retention times (see Fig. 2A ). Expressed in peak molar masses the shift is Mp = 3850 g mol -1 , which equals a molecular weight change of ~21 %.
The actual hydrodynamic diameter of the Pd-SCNP can be determined by dynamic light scattering and has a value of Dh = 5.4 nm. Compared with the linear precursor P2 (Dh = 8.8 nm), the difference is Dh = 3.3 nm (see Fig. 2B ), which equals a change of ~37 %.
Chemical evidence for the crosslinking reaction was obtained from 1 H and 31 P{ 1 H} NMR spectroscopy. Upon complexation by Pd(II) ions, the proton resonances of the Fig. S5 ). This data clearly shows that slight differences in the polymer backbone of the triarylphosphine functional group of Pd-SCNP have only a minor influence on the 31 P{ 1 H} NMR signals. Additional information on the intramolecular crosslinking can be obtained from the 1 H spin-spin relaxation time (T2), as T2 is sensitive to molecular motion. 33 T2 decay curves for the resonance of the methylene bridge (~ 5.25 ppm) in P2 and Pd-SCNP (see Fig. 3 ) were mearsured via the Car-PurcelMeiboom-Gill (CPMG) echo train acquisition in THF-d8. Since the intramolecular crosslinking reduces the mobility of the chain-segments, T2 should decrease in Pd-SCNP compared to P2. Analysis of the decay curves via a mono exponential decay function reveals T2 = 147 ms for P2 (see Fig. S3 ) and T2 = 70 ms for Pd-SCNP (see Fig. S4 ). These results clearly show the transformation from a random coil to a compacted, cross-linked structure.
Furthermore, the transition from the linear precursor P2 to the more compacted structure in Pd-SCNP was analyzed by log-normal distribution (LND) simulations. Therefore, the lognormal distribution (LND) based on a Gaussian function was used to model the experimental molecular weight distribution (MWD) before and after the intramolecular crosslinking. In particular, the weight distribution was used, since the weight of polymer before and after chain collapse does not change, whereas the number distribution will be very different. 34 The following Equations for the LND (see ref. 35 for more details) were employed:
where
is the Gaussian distribution function of w(M) (the weight distribution of the SEC trace), Mn is the numberaverage molecular weight, Mw is the weight-average molecular weight, and the polydispersity Đ = Mw/Mn. An experimental distribution (e.g. black trace in Figure 4A ) can now be fitted with multiple distributions, each distribution generated from Equation 1 with a pre-determined Mn and Đ. The final simulated distribution can be determined by accounting for the weight fraction of each distribution according to the Equation 2,
where wp,i is the weight fraction of distribution i and w(M)i is the weight at molecular weight M. The SEC chromatogram for P2 was fitted using the Equations 1 and 2 above (see Figure 4A ). It can be seen that the fit of the chromatogram by the LND model was excellent. To arrive at this fit, the main linear peak (P2, Mn = 17,200 g mol -1 , Đ = 1.1) consisted of a weight fraction of 0.858, a peak with a weight fraction of 0.069 corresponding for dead polymer formed through bimolecular radical termination (Mn = 34,400 g mol -1 , Đ = 1.1), and two lower molecular weight peaks with a combined weight fraction of 0.073 (see Table 1 top). Each LND distribution for the polymers in Table  1 is given in Figure 4A . After metal complexation forming the more compact Pd-SCNPs, we determined that all the linear P2 and the dead polymer formed lower molecular weight species, suggesting ~100 % intramolecular coupling. There are many possibilities for the number of cross-linked products. Here, we used only seven different cross-linked products, but more species cannot be ruled out (see Table 1 bottom). The fit using the LND model is again excellent (see Fig. 4B ). The information suggests especially for the low molecular weight species that the change in hydrodynamic volume (HDV) can be as low as 0.2 that of the molecular weight of linear P2. This low HDV suggests a very compact nature, which most probably consists of a single polymer chain. In order to determine the nature of the Pd-complexes of the SCNPs, P2, Pd-SCNP and the model complex [Pd(PPh3)2Cl2] were subjected to X-ray photoelectron spectroscopy (XPS) analysis. The spectrum of P2 exhibits a peak at 131.1 eV, which is attributed to the triarylphosphine ligand. The signal amounts to 1.1 atomic% (2.7 wt%, 0.0009 mmol mg -1 ), which is in perfect agreement with the 1 H NMR estimations (0.0008 mmol mg -1 ). The obtained XPS data of all metal containing samples ([Pd(PPh3)2Cl2], and Pd-SCNP) was not fully conclusive. We anticipate some decomposition of the metal complexes during the XPS process, since besides the expected Pd signal (at 338.2 eV) a second Pd-species with a binding energy of 336.4 eV was observed (see Fig. 5 ). However, the XPS-spectrum of Pd-SCNP shows signals at 131.6 eV, 198.3 eV and 338.2 eV, which are assigned to the phosphorus, chlorine and palladium species, respectively. The peak areas correspond to 0.6 atomic% for phosphorus and chlorine and to 0.3 atomic% for palladium. The ratio P:Cl:Pd of 2:2:1 thus matches the proposed structure of the Pd complexes in the Pd-SCNPs. In addition, the binding energy of the main Pd species in Pd-SCNP (see Fig. 5 ) and of chlorine and phosphorus (not shown here) are in excellent accordance with the measured binding energy in Pd(PPh3)2Cl2. Furthermore, the found binding energies are comparable with literature values for PdCl2. 36, 37 In order to ascertain the true number of Pd-centers in Pd-SCNP, additional NMR experiments were carried out. For [Pd(PPh3)2Cl2] and Pd-SCNP 31 P{ 1 H}, NMR samples with an inlet containing an internal standard were prepared. [Pd(PPh3)2Cl2] was chosen as the internal standard for P2, whereas PPh3 was chosen for Pd-SCNP. By utilizing inlets, it was ensured that the internal standards do not interfere with the analyte. These experiments delivered phosphorus contents of 0.0009 mmol mg -1 for Pd-SCNP and 0.0011 mmol mg -1 for P2. The determined values are in good agreement with the estimation from the 1 H NMR spectra (refer to the Supporting Information). As a proof of principle, the Pd-SCNPs were utilized as a novel type of catalyst for the Sonogashira coupling of terminal alkynes and aryl halides. In an exemplary reaction 2-bromopyridine and phenylacetylene were coupled in diethylamine, employing CuI as co-catalyst. The coupling reaction was performed at two ratios of substrate to catalyst. It was observed that an increase in the amount of catalyst improved the yield of the reaction under otherwise identical conditions. To benchmark the Pd-SCNPs against a well-known system, the same coupling reaction was also conducted with the model complex [Pd(PPh3)2Cl2], this time keeping the substrate to catalyst ratio constant. Under these same conditions the model complex delivered a higher conversion of close to 75 % (see Table 2 ).
Conclusions
Herein, we present the preparation and in-depth characterization of well defined, palladium(II) cross-linked single-chain nanoparticles. The single-chain nanoparticle formation was confirmed by proton nuclear magnetic resonance ( 1 H NMR) spectroscopy, 31 P{ 1 H} NMR spectroscopy, dynamic light scattering (DLS), size exclusion chromatography (SEC), 1 H spin-spin relaxation time analysis, and X-ray photoelectron spectroscopy (XPS). The design strategy for the linear precursor polymers entails the possibility to easily introduce variable functional groups. In the case at hand, Pd-SCNPs with a hydrodynamic diameter of 5.4 nm were fabricated. The underlying intramolecular crosslinking process directly leads to catalytically active Pd-SCNPs, which was exemplarily demonstrated in a Sonogashira coupling reaction. Employing different precursor complexes (e.g. with Rh-, Ir-or Ni-ion centres) might open the door to various other catalysts. In addition, a novel procedure for interpreting the SEC chromatograms of the SCNPs by log-normal distribution (LND) simulations was introduced. Thus, we were able to show that all linear precursor polymers were converted to the more compact SCNP structure.
